Introduction {#s1}
============

Bacterial mediated infectious lung diseases are an important worldwide cause of morbidity and mortality. *K. pneumoniae* is the leading bacterial cause of community and hospital-acquired respiratory infection ([@B1], [@B2]). It is an encapsulated gram-negative bacterium that resides in the environment such as in soil, surface waters and, on medical devices ([@B3], [@B4]). More importantly, *K. pneumoniae* colonizes in human mucosal surfaces, including the gastrointestinal tract and oropharynx ([@B3]--[@B5]). From these sites, it can gain entry to other tissues and cause a wide range of infections, e.g., pneumonia, urinary tract infections, bacteremia, and liver abscesses ([@B6]). Pulmonary infections caused by *K. pneumoniae* are particularly concerning as these are often characterized by a rapid clinical course, leaving a very short time for effective antibiotic treatment ([@B7]). This in turn results in high levels of morbidity and mortality. It has been observed that acute inflammatory responses (within hours of infection) include recruitment of neutrophils in the air spaces of the lungs and pulmonary edema in humans as well as in mice ([@B8]--[@B10]). Alveolar macrophages (AM) play a critical role in the clearance of bacteria from the lung through phagocytosis and depletion of AM resulting in a reduced killing of *K. pneumoniae in-vivo* ([@B11]). To control the infection an early inflammatory response occurs as AM produces inflammatory cytokines. These are essential for a rapid and effective immune response during the early stages of lung infection, as well as during the progression of infection ([@B12], [@B13]).

The effects of sex and sex hormones on pulmonary infection in humans and animals are well-established ([@B14]). Males typically exhibit weaker humoral and cell-mediated immune responses ([@B15]), and delayed lung maturation ([@B16], [@B17]) compared to females. It has also been observed that the number and the activity of cells involved in innate immunity differ between sexes ([@B18], [@B19]) as well as in lung diseases ([@B20]--[@B24]). Animal models of respiratory infection have shown that sex influences susceptibility, and severity of disease ([@B25]--[@B32]) and that sex hormones play a role ([@B33]). Therefore, it is important to identify and study the factors that can influence the incidence, susceptibility, and severity of lung diseases. Among them, innate host defense and sex are important contributing factors.

Pulmonary surfactant proteins, particularly the hydrophilic surfactant proteins (SPs), serve as a first line of contact for inhaled bacteria entering the lung and are thought to play a role in colonization and pathogenesis. SP-A is a member of the collectin family with an N-terminal collagen-like domain and a C-terminal carbohydrate recognition domain that recognizes and binds to debris, pathogens, and allergens ([@B34], [@B35]). Besides that, SP-A also influences multiple AM-mediated host defense functions such as chemotaxis ([@B36]), enhancement of phagocytosis and bacterial killing by macrophages ([@B37]), and proliferation of dendritic cells ([@B38]--[@B40]). Unlike in rodents and most mammals, the human SP-A genetic locus consists of two functional genes, *SFTPA1* and *SFTPA2*, and one pseudogene ([@B41], [@B42]) encoding SP-A1 and SP-A2 proteins, respectively, and each gene has been identified with several genetic and splice variants ([@B41], [@B43], [@B44]).

Several studies have identified differences between SP-A1 and SP-A2 in both qualitative (i.e., functional, biochemical, and/or structural) ([@B45]--[@B48]), and quantitative (regulatory) functions ([@B46], [@B49]--[@B55]). In particular, these include surfactant secretion modulation ([@B46]), cytokine production ([@B56]--[@B58]), and phagocytosis by AM ([@B47], [@B48], [@B59]). Moreover, differences in the structure and posttranslational modification of SP-A1 and SP-A2 have been observed ([@B60]). However, both SP-A1 and SP-A2 are required to make tubular myelin, an extracellular form of surfactant ([@B52]). It is of interest that the SP-A1 and SP-A2 variants differentially affect the AM proteomic expression profile, the AM actin cytoskeleton ([@B61]--[@B63]), the AM miRNome ([@B64]), as well as the miRNome of alveolar type 2 cells ([@B65]), and the biophysical properties and structure of surfactant ([@B66]). Despite, our knowledge of the diverse functions of SP-A1 and SP-A2, there are still gaps in our understanding of how SP-A influences host defense and the cell types it affects during lung infection, particularly AMs.

The AM is the primary effector cell for lung innate immunity and exhibits a unique phenotype ([@B67]) that is influenced by SP-A ([@B29], [@B30], [@B68]--[@B70]), although the extent of this effect is not fully understood. Previous work has demonstrated the importance of SP-A, among others, on AM expression and survival. After administration of a single exogenous dose of SP-A to SP-A-KO mice, the SP-A rescued AM proteome was more like that of wild type mice ([@B71]), and the survival after *K. pneumoniae* infection was improved significantly in the SP-A rescued KO mice ([@B32]). Moreover, SP-A2 variants enhance bacterial phagocytosis more effectively than SP-A1 variants ([@B47], [@B48]). Previous studies have shown sex differences in lung function and disease susceptibility ([@B29], [@B31], [@B32], [@B72], [@B73]), and in risk, incidence, and pathogenesis of various lung diseases ([@B74], [@B75]). Human and animal studies have shown an increased incidence of respiratory infections and severity of pneumonia in males ([@B23], [@B27]). Furthermore, sex-dependent survival was observed in wild type and SP-A-KO mice in response to *K. pneumoniae* infection, with females exhibiting higher survival compared to males, and that pattern reversed after oxidative stress ([@B29]), with females exhibiting lower survival compared to males. A differential effect of sex on AM proteome ([@B62]) as well as the AM miRNome of a single gene product (SP-A1 or SP-A2) or both gene products (SP-A1 and SP-A2, co-ex) in response to oxidative stress has been observed ([@B64], [@B76]). In addition, the SP-A1 and SP-A2 variants have been shown to play a crucial role in the differential outcome of airway function with significant sex- and variant-specific differences in both males and females in response to *K. pneumoniae* infection ([@B73]). However, the underlying mechanisms and the impact of SP-A1 and/or SP-A2 gene products on AM gene regulation in response to *K. pneumoniae* infection remain unknown.

In the present study, we hypothesized that genetic variants of SP-A differentially regulate AM gene expression in response to infection. Toward this hTG mice that carried SP-A1 (6A^2^, 6A^4^) or SP-A2 (1A^0^, 1A^3^), and KO are infected with *K. pneumoniae* and the gene expression profiling of AM was studied. We found: (a) significant differences in gene expression among variants, as well as sex differences; (b) Ingenuity Pathway Analysis (IPA) revealed key pathways and molecules involved in TP53, TNF, and cell cycle signaling nodes. All variants except SP-A2 (1A^3^) female, showed significance for at least 2 of the three pathways studied, and KO male showed significance for all three pathways; (c) validation of key molecules exhibited variant-specific significant differences in their expression between sexes, and a similarity in the gene expression profile of KO and SP-A1 mice was observed. These data may assist in studying molecular mechanisms of SP-A-mediated AM gene regulation and potentially identify novel therapeutic targets for *K. pneumoniae* infection.

Methods {#s2}
=======

Animals
-------

All mice used in the present study were 12 weeks of age. In this study, we used humanized transgenic (hTG) mice that carried SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^) variant, as well as SP-A knockout (KO) mice. hTG mice were generated on the C57BL6/J SP-A (KO) background ([@B52]). The animals used in this study were maintained as described previously ([@B32], [@B73]). Briefly, the animals were raised and maintained under approved housing in a pathogen-free condition, at the Penn State College of Medicine animal facility. Both males and females were used in this study. The females were synchronized with regard to the estrous cycle as described previously ([@B32], [@B73]). A total of 86 mice (56 for gene expression analysis and 30 for qRT-PCR analysis) were used. The Penn State University College of Medicine Institutional Animal Care and Use Committee (IACUC) approved all procedures involving animals.

Expression of SP-A1 and SP-A2 Variants: Western Blot Analysis
-------------------------------------------------------------

Equal amounts (20 μg) of bronchoalveolar lavage fluid from SP-A1 and SP-A2 hTG mice were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to PVDF membrane, and the expression levels of SP-A variants (1A^0^, 1A^3^, 6A^2^, 6A^4^) were detected by Western blotting with specific antibodies. Samples from 2 males and 2 females were individually analyzed. Blots were incubated with hSP-A antibody (1:2500 dilution) recognizes both SP-A1 and SP-A2, whereas, the SP-A2 specific antibody (Aviva-ARP64034_P050, 1:2500 dilution) is specific to SP-A2 protein, and goat anti-rabbit (IgG) HRP-conjugated secondary antibody (1:5000 dilution) were used and detected by ECL method as shown in [Figure 1](#F1){ref-type="fig"}.

![The expression levels of SP-A variants in BAL of males (M) and females (F) were monitored by western blot analysis. The hSP-A antibody (1:2500 dilution) recognizes both SP-A1 and SP-A2 proteins, whereas, the SP-A2 antibody (Aviva-ARP64034_P050, 1-2500 dilution) is specific to SP-A2 protein (no such antibody is available for SP-A1) and does not recognize SP-A1 proteins.](fimmu-11-01290-g0001){#F1}

Preparation of Bacteria
-----------------------

*K. pneumoniae* bacteria (ATCC 43816) were obtained from American Tissue Culture Collection (Rockville, MD) and prepared as described previously ([@B29], [@B30], [@B32], [@B73]). Fifty μl of a suspension containing \~450 CFU were used to infect each mouse. The CFU/ml values were calculated based on the standard curve obtained at OD~660~ of the bacterial suspension.

Infection of Mice With *K. pneumoniae*
--------------------------------------

The mice were anesthetized and infected with bacteria as described previously ([@B29], [@B30], [@B32], [@B73], [@B77]). Briefly, humanized transgenic (hTG) mice, SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and SP-A-KO male and female mice (*n* = 4/group) were anesthetized with a mixture of ketamine and xylazine and infected with *K. pneumoniae* (\~450 CFU/mouse) in 50 μl of PBS oropharyngeal as described previously ([@B77]). The SP-A2 (1A^0^) mice were studied at a different time point (6, 18, and 24 h). Based on the finding of the SP-A2 (1A^0^) and previous studies ([@B52], [@B71]), we selected the 6 h time point for subsequent study of SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^), and KO. Furthermore, we postulated that this time interval would allow us to study early AM gene expression changes in response to bacterial infection.

Mouse Alveolar Macrophage Isolation
-----------------------------------

Mouse AM were obtained from both male and female mice by bronchoalveolar lavage (BAL) at 6, 18, and 24 h (SP-A2 (1A^0^) or 6 h after infection for SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^) and KO (*n* = 4/group), as described previously ([@B71]). In brief, AMs were obtained by performing BAL with PBS containing 1 mM EDTA, using a volume equal to lung capacity (i.e., 6 times with 0.5 mL) a total of 3 ml. The fluid was instilled and withdrawn 3 times with chest massage during withdrawal, then centrifuged at 150 × g for 5 min at 4°C and the cell pellet washed with 1 mL of PBS containing, 1 mM EDTA. Cells were counted to obtain total cell counts (\~2.5 × 10^6^ cells/mouse) before being frozen at −80°C for subsequent gene expression studies.

RNA Preparation, Library Construction, and Sequencing
-----------------------------------------------------

Total RNA was extracted using mirVana kit (\#AM1560, Ambion, Waltham, MA). The extracted RNAs were quantified and quality checked using a BioAnalyzer RNA-6000 Pico Kit (Agilent Technologies, Santa Clara, CA) at the Penn State College of Medicine Genomic Core Facility. QuantSeq 3\' mRNA-Seq Library Prep Kit FWD from Illumina (Lexogen, Vienna, Austria) was used to generate mRNA-Seq libraries as per manufacturer\'s recommendation, followed by deep sequencing on an Illumina HiSeq-2500 as per the manufacturer\'s instructions. Briefly, 0.5--1 ng of total RNA was subjected to the first cDNA strand which is initiated by oligo dT priming. The synthesis of the second cDNA strand is performed by random priming, in a manner that DNA polymerase is efficiently stopped when reaching the next hybridized random primer, so only the fragment closest to the 3′ end gets captured for later indexed adapter ligation and PCR amplification. The processed libraries were assessed for fragment size distribution and quantity using a BioAnalyzer High Sensitivity DNA kit (Agilent Technologies). Pooled libraries were denatured and loaded onto a TruSeq Rapid flow cell on an Illumina HiSeq 2500 (Illumina) and run for 50 cycles using a single-read recipe (TrueSeq SBS kit v3, Illumina) according to the manufacturer\'s instructions. Illumina CASAVA pipeline (released version 1.8, Illumina) was used to obtain de-multiplexed sequencing reads (fastq files) passed the default purify filter. These were further subjected to QuantSeq data analysis pipeline on a Bluebee genomics analysis platform (Bluebee, Cambridge, MA). The differentially expressed genes (DEG) between males and females were identified by using edgeR test method ([@B78]) and TCC v1.14.0 R package ([@B79]). The DEG are selected based on their fold change and their *P*-value (*P* \< 0.05) for further analyses. We chose genes for further analysis based on their *P*-value (*P* \< 0.05) and their expression levels (≥2-fold change) in AM cells from *K. pneumoniae* infected mice. The fold differences for the identified genes between males and females were determined by dividing a specific individual male gene value by the corresponding specific female gene value and vice versa for the same gene.

Ingenuity Pathway Analysis
--------------------------

Ingenuity Pathway Analysis (IPA, [www.qiagen.com/ingenuity](http://www.qiagen.com/ingenuity) Qiagen, Redwood City) was used to identify signaling network pathways and identify biological functions and regulatory networks of the differentially expressed genes in our experimental conditions. IPA analysis was performed on the genes that met the cut-off 2.0-fold up or downregulation in the male and female groups in the studied comparisons. Biological functions were identified via the Ingenuity Pathways Knowledge Base. We compared gene expression changes associated with the canonical pathway. We assessed the cellular and molecular classification of genes from the dataset with corresponding *P*-values (*P* \< 0.05). All identified gene functions and networks are supported by the published literature in the Ingenuity Pathways Knowledge Base. The IPA software utilizes Fisher\'s exact test to obtain a *P*-value to identify the probability of association of the dataset to the canonical pathway, functions, and network associated with the dataset by assigning a score to the pathway.

Real-Time PCR
-------------

For individual gene expression assays, SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO mice were infected with bacteria for 6 h and AMs were isolated as mentioned above. AMs were lysed by the addition of QIAzol Lysis Reagent (Qiagen, Germantown, MD). Total RNA was purified with Direct-zol RNA Mini-Prep kit (\#R2052, Zymo Research, Irvine, CA), and RNA concentration was quantified by Nanodrop. RNA was reverse transcribed using RT2 first Stand kit (3220401, Qiagen), according to the manufacturer\'s protocol. The expression levels of ADAMTSL4, AKT1, AURKA, BCL3, BCL10, BTK, BUB1B, C1QC, CCL9, CCNA1, CCND1, CCRL2, CDK1, CDK2, CDKN1A, CDKN1B, CFLAR, CKAP2, CTTNB1, CXCL2, CXCR6, ERP44, ESPL1, FKBP5, FOSL1, GAPDH, GBP2, IER5, IFITM2, IRF1, KAT2B, LSP1, MARCO, MGMT, MMP12, MT2, MYC, MYD88, MYO1E, NKX3-1, PPARA, PPARG, PRDM1, PSMB8, RAG1, RCC2, RELA, RSAD2, RTP4, SAMHD1, STAT1, STAT3, STAT5a/b, TACC2, TAP1, TAP2, TCF4, TIE1, UHRF1, and ZFP36L1, were measured with real-time PCR with RT2 SYBR green ROX qPCR master mix (\#330520, Qiagen) on a QuantStudio 12K Flex Real-Time PCR system (Applied Biosystems, Waltham, MA) at the Pennsylvanian State University College of Medicine Genomic Core Facility. AM cell samples from 3 mice/infection (males and females) in triplicates/animal were individually analyzed and quantified relative to GAPDH mRNA expression. The relative expression levels of genes were determined by the 2^−Δ*CT*^ method (ΔCT was calculated as follows: ΔCT = CT ~gene−of−interest~ − CT ~housekeepinggene~).

Statistical Analysis
--------------------

The statistical difference of the gene expression level in male compared to female and vice versa was evaluated by the two-tailed *t*-test and non-parametric Mann--Whitney *U*-test. All the data points are means ± standard deviation. All the analyses were performed using Graph-Pad Prism software version 5.0 (Graph-Pad Software, San Diego, USA). Values of *P* \< 0.05 were considered statistically significant.

Results {#s3}
=======

Differential Expression of Genes in SP-A2 (1A^0^) Male and Female Mice Infected With *K. pneumoniae* and Studied at Different Time Points Post-Infection
--------------------------------------------------------------------------------------------------------------------------------------------------------

At first, the expression of genes from AMs of SP-A2 (1A^0^) male and female mice was analyzed to identify differentially expressed genes in response to infection at different time points (6, 18, and 24 h). We identified, 276 genes (after 6 h infection), 381 genes (after 18 h infection), and 183 genes (after 24 h infection) differentially expressed with a *P*-value \<0.05 in both male and female SP-A2 (1A^0^) mice ([Supplementary File 1](#SM4){ref-type="supplementary-material"}). To identify specific gene expression changes in response to infection, we compared the expression levels of genes significantly either increase (≥2-fold) or decrease (≤2-fold) in males compared females (M/F) and vice versa at different time points. Out of 276 genes identified after 6 h infection, the expression of 169 genes significantly increased ≥2-fold and 75 genes significantly decreased ≤ 2-fold in males compared to females, and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). We identified, a total of 32 genes that had expression value between \> 0.5 -- \<2-fold change either increase or decrease in males compared to females and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). At the 18 h infected mice, out of 381 genes, 146 and 148 genes had expression levels ≥2-fold or ≤2-fold, respectively, in males compared to females, and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). A total of 87 genes identified after 18 h post-infection had expression value between \> 0.5--2-fold change either increase or decrease in males compared to females and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). Whereas, at the 24 h post-infection, out of 183 genes, 79 and 66 genes had expression levels ≥2-fold or ≤ 2-fold, respectively in males compared to females, and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). A total of 38 genes identified after 24 h post-infection had expression value between \> 0.5 -- \<2-fold change either increase or decrease in males compared females and vice versa ([Table 1](#T1){ref-type="table"}, [Supplementary File 1](#SM4){ref-type="supplementary-material"}). Next, we compared genes at two different time points in males and females (≥2-fold or ≤ 2-fold, males compared to females and vice versa), and found 37 genes to be in common at 6 and 18 h post-infection ([Figure 2](#F2){ref-type="fig"}, [Table 2](#T2){ref-type="table"}), 8 genes were in common at 6 and 24 h post-infection ([Figure 2](#F2){ref-type="fig"}, [Table 3](#T3){ref-type="table"}), and 13 genes were in common at 18 and 24 h post-infection ([Figure 2](#F2){ref-type="fig"}, [Table 4](#T4){ref-type="table"}). The Hba-a1 (hemoglobin alpha, adult chain 1) gene is identified to be in common in all the time points studied in response to infection ([Tables 2](#T2){ref-type="table"}--[4](#T4){ref-type="table"}). Since the 6 h time point resulted in significant differences in AM gene expression and also based on previous findings ([@B52], [@B71]), we focused our subsequent study for the other SP-A variants i.e., SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^) and KO on the 6 h time point in order to identify early-stage gene expression changes after infection.

###### 

The total number of genes identified with ≥2-fold change at different time points (6, 18, and 24 h) in SP-A2 (1A^0^) males compared to females after *K. pneumoniae* infection are shown.

  ------------------------------------------------------------------------------------------------------
                     **SP-A2 (1A**^****0****^**)**\            
                     **Male vs. female**                       
  ------------------ ----------------------------------------- -----------------------------------------
  6 h (*n* = 276)    169[\*](#TN1){ref-type="table-fn"} (22)   75[\*](#TN1){ref-type="table-fn"} (10)

  18 h (*n* = 381)   146[\*](#TN1){ref-type="table-fn"} (28)   148[\*](#TN1){ref-type="table-fn"} (59)

  24 h (*n* = 183)   79[\*](#TN1){ref-type="table-fn"} (20)    66[\*](#TN1){ref-type="table-fn"} (18)
  ------------------------------------------------------------------------------------------------------

*Number of genes significantly changed ≥2-fold either increase or decrease in males compared to females (M/F). In parenthesis, genes that had expression value between \> 0.5 -- \<2-fold change either increase or decrease in males compared females (M/F) are shown. All comparisons with or without the cut-off value had P-value \< 0.05*.

![Comparison of the number of genes affected by *K. pneumoniae* in males and females at different time points. The Venn diagrams show genes identified in common after comparison of two different time points. Thirty-seven genes were in common between 6 vs. 18 h, and 239 were unique for the 6 h time point and 344 were unique for the 18 h time point. Eight genes were identified in common between 6 vs. 24 h, and 268 were unique for the 6 h time point and 175 were unique for the 24 h time point. The comparisons between 18 vs. 24 h revealed 13 genes in common in both groups and 368 unique for the 18 h and 170 unique for the 24 h time point.](fimmu-11-01290-g0002){#F2}

###### 

Relative expression levels of genes identified in common that changed ≥2-fold increased or ≤ 2-fold decreased at the 6 and 18 h time points in SP-A2 (1A^0^) males compared to females (M/F), and vice vera after *K. pneumoniae* infection are shown.

  **Gene symbol**                         **6 h**   **18 h**                                
  --------------------------------------- --------- ---------- ---------- -------- -------- ----------
  Marcks                                  5.7460    0.1740     0.000089   2.7000   0.3704   0.001748
  Btg2                                    4.0105    0.2493     0.000236   3.1590   0.3166   0.030556
  Hcar2                                   3.9256    0.2547     0.000251   4.0331   0.2479   0.000005
  S100a6                                  4.3518    0.2298     0.000370   3.3733   0.2964   0.000000
  Gadd45b                                 5.6437    0.1772     0.000546   3.0560   0.3272   0.017165
  Zfp36                                   5.0443    0.1982     0.000623   3.6399   0.2747   0.001794
  Cd14                                    4.5731    0.2187     0.001439   4.2935   0.2329   0.011648
  Ptafr                                   3.8673    0.2586     0.001631   4.2266   0.2366   0.000202
  Junb                                    2.8988    0.3450     0.004945   2.6903   0.3717   0.003759
  Slc25a37                                3.4459    0.2902     0.004990   2.6604   0.3759   0.022788
  Cd2                                     0.3728    2.6824     0.005315   0.4408   2.2688   0.022468
  Hba-a1[\*](#TN2){ref-type="table-fn"}   9.6062    0.1041     0.005981   0.4338   2.3052   0.015265
  RP23-59N15.4                            5.0270    0.1989     0.006044   5.9803   0.1672   0.000588
  mt-Ta                                   2.6127    0.3827     0.006904   3.5170   0.2843   0.001029
  mt-Tq                                   3.0148    0.3317     0.007714   1.9598   0.5103   0.020162
  Snx20                                   2.2940    0.4359     0.007715   2.2880   0.4371   0.021775
  Trib1                                   2.7831    0.3593     0.008952   2.3894   0.4185   0.009813
  Clec4d                                  3.3064    0.3024     0.009817   4.1494   0.2410   0.002481
  Zfp36l1                                 2.9784    0.3357     0.010499   2.9442   0.3397   0.001794
  Mbp                                     0.3419    2.9252     0.010910   3.1897   0.3135   0.024033
  Cmtm7                                   3.0588    0.3269     0.011060   2.7641   0.3618   0.030862
  Gys1                                    2.6634    0.3755     0.013845   0.3495   2.8612   0.024641
  1200014J11Rik                           0.4144    2.4132     0.017435   2.4349   0.4107   0.023370
  Gdf15                                   1.8999    0.5263     0.020232   2.6002   0.3846   0.002174
  Ier5                                    2.0183    0.4955     0.021404   1.9254   0.5194   0.045583
  Arl4c                                   2.9374    0.3404     0.021631   2.5632   0.3901   0.013733
  Lck                                     4.6324    0.2159     0.028625   4.5117   0.2216   0.000796
  S100a8                                  8.7843    0.1138     0.030529   3.5413   0.2824   0.000181
  Gga1                                    1.9733    0.5068     0.032244   2.2715   0.4402   0.043944
  Mxd1                                    5.2531    0.1904     0.032654   3.0207   0.3311   0.000770
  Clec5a                                  2.3036    0.4341     0.034274   0.3721   2.6876   0.011033
  Ccr1                                    2.3035    0.4341     0.037209   2.1519   0.4647   0.048452
  mt-Tm                                   1.9731    0.5068     0.038017   1.9757   0.5061   0.029326
  Adora2a                                 2.7494    0.3637     0.040193   3.8980   0.2565   0.006020
  Ier3                                    4.7039    0.2126     0.042962   2.2038   0.4538   0.001985
  Hif1a                                   2.5693    0.3892     0.044278   2.0839   0.4799   0.022312
  Tbkbp1                                  2.2167    0.4511     0.049618   2.2612   0.4422   0.036860

*Identified in all studied time points*.

###### 

Relative expression levels of genes identified in common that changed ≥2-fold increased or ≤ 2-fold decreased at the 6 and 24 h time points in SP-A2 (1A^0^) males compared to females (M/F), and vice versa after *K. pneumoniae* infection are shown.

  **Gene symbol**                         **6 h**   **24 h**                             
  --------------------------------------- --------- ---------- --------- ------ -------- --------
  Hba-a2                                  7.5810    0.1319     0.03314   2.65   0.3770   0.0055
  Rnf213                                  2.8878    0.3463     0.04376   0.27   3.6470   0.0087
  Ifi203                                  3.5553    0.2813     0.00288   0.31   3.2390   0.0088
  Nod1                                    2.2943    0.4359     0.02315   0.49   2.0484   0.0149
  Mt2                                     0.4431    2.2569     0.01686   0.52   1.9203   0.0302
  Rab44                                   3.2471    0.3080     0.00166   0.55   1.8026   0.0333
  Samd9l                                  5.0088    0.1996     0.00234   0.44   2.2910   0.0379
  Hba-a1[\*](#TN3){ref-type="table-fn"}   9.6062    0.1041     0.00598   4.01   0.2492   0.0001

*Identified in all studied time points*.

###### 

Relative expression levels of genes identified in common that changed ≥2-fold increased or ≤ 2-fold decreased at the 18 and 24 h time points in SP-A2 (1A^0^) males compared to females (M/F), and vice versa after *K. pneumoniae* infection are shown.

  **Gene symbol**                         **18 h**   **24 h**                               
  --------------------------------------- ---------- ---------- --------- -------- -------- ---------
  Bst2                                    2.0864     0.4793     0.03311   0.3552   2.8152   0.00195
  Tor1b                                   0.3214     3.1113     0.00297   3.3859   0.2953   0.00246
  Lrrc17                                  2.2032     0.4539     0.02549   0.4665   2.1434   0.00537
  Gba                                     0.4121     2.4266     0.0142    2.2229   0.4499   0.00619
  mt-Nd6                                  3.2300     0.3096     0.03552   0.3490   2.8652   0.0078
  Gm8995                                  2.2180     0.4509     0.01838   0.3575   2.7969   0.00982
  mt-Tv                                   3.5025     0.2855     0.00848   0.4122   2.4263   0.02662
  Irf1                                    3.2370     0.3089     0.00919   0.3665   2.7285   0.02888
  Siae                                    0.2506     3.9905     0.00666   3.1088   0.3217   0.0351
  Ndufs8                                  0.3328     3.0050     0.01062   1.8580   0.5382   0.03568
  Rpl37a                                  0.6047     1.6538     0.03723   1.5528   0.6440   0.03766
  Hba-a1[\*](#TN4){ref-type="table-fn"}   0.4338     2.3052     0.01526   4.0131   0.2492   0.00014
  Tgs1                                    0.3697     2.7051     0.02498   1.6874   0.5926   0.04624

*Identified in all studied time points*.

Sex Differences in AMs Gene Expression in Response to *K. pneumoniae*
---------------------------------------------------------------------

The relative expression levels of the significant genes (*P* \< 0.05) in the AMs of male vs. female mice after infection were analyzed. The two-tailed *t*-test and non-parametric Mann--Whitney *U-*test resulted in significant sex difference between genes identified from males and females at the 6 h, and 24 h time point ([Figures 3A,C](#F3){ref-type="fig"}), whereas the genes identified at 18 h ([Figure 3B](#F3){ref-type="fig"}) time point did not have any significant difference between males and females of SP-A2 (1A^0^). A similar analysis resulted in significant sex differences in the expression of AM genes in other SP-A variants, i.e., SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^), as well as in KO males and females at 6 h post-infection ([Figures 4A-D](#F4){ref-type="fig"}).

![Gene expression in AMs of SP-A2 (1A^0^) male and female after infection with *K. pneumoniae*. Comparisons between genes identified in males and females after 6 h (276 genes), 18 h (381 genes), and 24 h (183 genes) of infection (*n* = 4/group). Significant differences were observed in the expression of genes at the 6 h and 24 h time points between males and females **(A,C)**, with no significant differences at the 18 h time point **(B)**. Significant differences *P* \< 0.05 between sexes are noted with an asterisk (\*).](fimmu-11-01290-g0003){#F3}

![Gene expression in AMs of SP-A1 (6A^2^, 6A^4^) and SP-A2 (1A^3^) variants as well as KO male and female after *K. pneumoniae* infection at the 6 h time point. A total of 196 genes (SP-A1 (6A^2^), **(A)**, 494 genes (SP-A1 (6A^4^), **(B)**, 397 genes (SP-A2 (1A^3^), **(C)** and 858 genes (KO, **D**) were identified with a *P*-value \< 0.05 (*n* = 4/group). Significant sex differences in the expression of genes were observed for all variants studied and the KO. The significant differences (*P* \< 0.01 and *P* \< 0.001) between sexes are noted with an asterisk (\*\* and \*\*\*).](fimmu-11-01290-g0004){#F4}

Differential Expression of Genes in SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^) and KO Males and Females Mice Infected With *K. pneumoniae*
-----------------------------------------------------------------------------------------------------------------------------------

In response to infection, we identified 196 genes \[SP-A1 (6A^2^)\], 494 genes \[SP-A1 (6A^4^)\], 397 genes (SP-A2 (1A^3^)\] and 858 genes (KO) with a *P*-value \< 0.05 in both males and females ([Supplementary File 2](#SM5){ref-type="supplementary-material"}). Out of 196 genes identified from AMs from SP-A1 (6A^2^) after infection, 97 and 61 genes had expression levels ≥2-fold or ≤2-fold, respectively, in males compared to females, and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). Thirty-eight genes had expression value between \>0.5 -- \<2-fold change either increase or decrease in males compared to females and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). In the case of SP-A1 (6A^4^), 494 genes were identified, 54 and 119 genes had expression levels ≥2-fold or ≤2-fold in males compared to females, and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). The levels of 321 genes had expression value between \>0.5 -- \<2-fold change either increase or decrease in males compared to females and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}).

###### 

The total number of genes identified from SP-A1 and SP-A2 variants and KO males and females with ≥2-fold change after *K. pneumoniae* infection (6 h) are shown.

  **Gene variant and \# of genes identified**   **Male vs. female**                       
  --------------------------------------------- ----------------------------------------- ------------------------------------------
  SP-A2 (1A^0^) (*n* = 276)                     169[\*](#TN5){ref-type="table-fn"} (22)   75[\*](#TN5){ref-type="table-fn"} (10)
  SP-A1 (6A^2^) (*n* = 196)                     97[\*](#TN5){ref-type="table-fn"} (18)    61[\*](#TN5){ref-type="table-fn"} (20)
  SP-A1 (6A^4^) (*n* = 494)                     54[\*](#TN5){ref-type="table-fn"} (187)   119[\*](#TN5){ref-type="table-fn"} (134)
  SP-A2 (1A^3^) (*n* = 397)                     11[\*](#TN5){ref-type="table-fn"} (204)   62[\*](#TN5){ref-type="table-fn"} (120)
  KO (*n* = 858)                                93[\*](#TN5){ref-type="table-fn"} (416)   90[\*](#TN5){ref-type="table-fn"} (259)

*Number of genes significantly changed ≥2-fold either increase or decrease in males compared to females (M/F). In parenthesis, genes that had expression value between \>0.5 -- \<2-fold change either increase or decrease in males compared to females (M/F) are shown. All comparisons with or without the cut-off value had P-value \<0.05*.

In a similar analysis with SP-A2 (1A^3^), 397 genes were identified, 11 and 62 genes had expression level ≥2-fold or ≤2-fold, respectively, in males compared to females, and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). The levels of 324 genes had expression value between \>0.5 -- \<2-fold change either increase or decrease in males compared females, and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). Whereas, in KO, 858 genes were identified, and 93 and 90 genes had their expression level ≥2-fold or ≤2-fold, respectively, in males compared to females and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}). The levels of 675 genes had expression value between \>0.5 -- \<2-fold change either increase or decrease in males compared females and vice versa ([Table 5](#T5){ref-type="table"}, [Supplementary File 2](#SM5){ref-type="supplementary-material"}).

Differences in Gene Expression Between Gene-Specific Variants in Response to Infection
--------------------------------------------------------------------------------------

### SP-A1

The bacterial infection resulted in significant differences in AM gene expression between males and females of 6A^2^ and 6A^4^ variants. Five genes with significantly changed levels were found to be in common between SP-A1 (6A^2^ vs. 6A^4^) variants in both males and females ([Supplementary Figure 1A](#SM1){ref-type="supplementary-material"}, [Table 6](#T6){ref-type="table"}), 191 (out of 196) genes are specific to 6A^2^, and 489 (out of 494) are specific to 6A^4^ ([Supplementary File 3](#SM6){ref-type="supplementary-material"}).

###### 

Genes identified to be in common in males and females of SP-A1 (6A^2^ vs. 6A^4^) and their expression levels in response to infection (post 6 h).

  **Gene symbol**   **SP-A1 (6A**^****2****^**)**   **SP-A1 (6A**^****4****^**)**                                
  ----------------- ------------------------------- ------------------------------- ---------- -------- -------- ----------
  Xist              0.3690                          2.7099                          0.000001   0.7587   1.3181   0.000001
  Fbxw5             5.0250                          0.1990                          0.000198   1.6996   0.5884   0.008145
  Socs3             0.3991                          2.5059                          0.019144   0.4135   2.4185   0.023588
  Fkbp5             0.4209                          2.3760                          0.021115   2.0533   0.4870   0.021180
  Ikbkb             1.8006                          0.5554                          0.036103   1.3621   0.7342   0.020937

*The expression levels of all the genes shown above are significantly changed either increased ≥2-fold or decreased ≤2-fold in males compared to females (M/F), and vice versa*.

### SP-A2

In response to infection in 1A^0^ and 1A^3^, significant changes in gene expression between the variants were observed. Thirty-one genes with significantly changed levels were found to be in common between SP-A2 (1A^0^ vs. 1A^3^) variants in both males and females ([Supplementary Figure 1B](#SM1){ref-type="supplementary-material"}, [Table 7](#T7){ref-type="table"}), and 245 (out of 276) genes are specific to 1A^0^ and 366 (out of 397) are specific to 1A^3^ ([Supplementary File 3](#SM6){ref-type="supplementary-material"}).

###### 

Genes identified to be in common in males and females of SP-A2 (1A^0^ vs. 1A^3^) and their expression levels in response to infection (post 6 h).

  **Gene symbol**   **SP-A2 (1A**^****0****^**)**   **SP-A2 (1A**^****3****^**)**                                 
  ----------------- ------------------------------- ------------------------------- ---------- --------- -------- ----------
  Marcks            5.7460                          0.1740                          0.000089   0.1409    7.0953   0.000387
  Hcar2             3.9256                          0.2547                          0.000251   0.5103    1.9598   0.029532
  Mmp8              5.8419                          0.1712                          0.000283   0.3390    2.9497   0.000347
  Cd52              2.4022                          0.4163                          0.000366   0.6767    1.4778   0.032191
  Ets2              4.1299                          0.2421                          0.000594   0.3624    2.7591   0.008474
  Zfp36             5.0443                          0.1982                          0.000623   0.2009    4.9779   0.000001
  Il1b              7.0992                          0.1409                          0.001554   0.1858    5.3821   0.003893
  Ptafr             3.8673                          0.2586                          0.001631   0.3820    2.6177   0.044783
  Grina             2.9707                          0.3366                          0.003259   0.6000    1.6665   0.017180
  Btg1              2.7333                          0.3659                          0.003423   0.6250    1.5999   0.035135
  Junb              2.8988                          0.3450                          0.004945   0.4618    2.1655   0.013529
  Hba-a1            9.6062                          0.1041                          0.005981   13.9534   0.0717   0.000160
  Bub1b             0.3247                          3.0802                          0.006720   1.3657    0.7322   0.037102
  C3                2.5675                          0.3895                          0.007019   0.4196    2.3832   0.000217
  Slco2b1           0.2867                          3.4882                          0.007774   1.5336    0.6521   0.019160
  Irg1              7.1090                          0.1407                          0.009863   0.1385    7.2226   0.021020
  Cdh1              0.4963                          2.0150                          0.012214   0.5022    1.9911   0.023057
  Dgat1             3.4779                          0.2875                          0.016083   0.4271    2.3415   0.003079
  Neurl1b           0.4998                          2.0007                          0.016627   1.4055    0.7115   0.006639
  Gdf15             1.8999                          0.5263                          0.020232   0.3664    2.7290   0.000576
  Ncor2             0.4623                          2.1629                          0.021449   1.5294    0.6539   0.004735
  Tap1              7.0453                          0.1419                          0.021486   0.3311    3.0204   0.000002
  Fcgr3             2.0423                          0.4896                          0.025231   0.6300    1.5872   0.022757
  Krt79             0.5853                          1.7086                          0.029096   1.4907    0.6708   0.004495
  S100a8            8.7843                          0.1138                          0.030529   0.1406    7.1117   0.014119
  Gga1              1.9733                          0.5068                          0.032244   0.5886    1.6991   0.002916
  Hba-a2            7.5810                          0.1319                          0.033145   12.9415   0.0773   0.000299
  S100a9            9.9365                          0.1006                          0.034441   0.1133    8.8224   0.025052
  Slc7a11           2.3295                          0.4293                          0.035834   0.2750    3.6359   0.002163
  Vimp              0.4725                          2.1162                          0.038036   0.6624    1.5095   0.026797
  Ier3              4.7039                          0.2126                          0.042962   0.2160    4.6307   0.004553

*The expression levels of all the genes shown above are significantly changed either increase ≥2-fold or decrease ≤2-fold in males compared to females (M/F), and vice versa*.

Differences Between SP-A1 and SP-A2 variants in response to infection
---------------------------------------------------------------------

The SP-A2 (1A^0^) males and females exhibited significant changes in the expression of AM genes (*n* = 276) in response to infection compared to SP-A1 (6A^2^) genes (*n* = 196). Ten genes were identified to be in common ([Supplementary Figure 1C](#SM1){ref-type="supplementary-material"}, [Supplementary File 3](#SM6){ref-type="supplementary-material"}), with 266 genes being specific to 1A^0^ and 186 to 6A^2^. A similar comparison between 1A^0^ vs. 6A^4^ resulted in the identification of 276 vs. 494 genes, respectively, with 15 genes being in common between variants ([Supplementary Figure 1D](#SM1){ref-type="supplementary-material"}, [Supplementary File 3](#SM6){ref-type="supplementary-material"}), and 261 genes were specific to 1A^0^ and 479 genes to 6A^4^.

The SP-A2 (1A^3^), males and females, exhibited significant changes in the expression of AM genes in response to infection compared to SP-A1 (6A^2^) (397 and 196, respectively). Fourteen genes were identified in common in both variants ([Supplementary Figure 1E](#SM1){ref-type="supplementary-material"}, [Supplementary File 3](#SM6){ref-type="supplementary-material"}), and 384 genes were specific to 1A^3^ and 182 genes to 6A^2^. A similar comparison between 1A^3^ vs. 6A^4^ resulted in the identification of 397 and 494 genes, respectively. Thirty-one genes were identified in common between variants ([Supplementary Figure 1F](#SM1){ref-type="supplementary-material"}, [Supplementary File 3](#SM6){ref-type="supplementary-material"}), and 366 genes were specific to 1A^3^ and 463 genes to 6A^4^.

Differences Between KO and SP-A1 or SP-A2 Variants
--------------------------------------------------

The KO exhibited significant changes in the expression of genes in response to infection in males and females compared to SP-A variants as shown in [Supplementary Figures 2A--D](#SM2){ref-type="supplementary-material"}. From the AMs of KO males and females, a total of 858 genes were identified. Out of 858 genes 40, 142, 27, and 42 genes were identified in common to 1A^0^, 1A^3^, 6A^2^, and 6A^4^, respectively ([Supplementary Figures 2A--D](#SM2){ref-type="supplementary-material"}, [Supplementary File 3](#SM6){ref-type="supplementary-material"}).

Ingenuity Pathway Analysis and Validation of the Expression of Key Molecules
----------------------------------------------------------------------------

To understand and integrate the AM gene expression, IPA was performed for genes whose expression was significantly altered ≥2-fold by *K. pneumoniae* infection, at the 6 h time point between males and females, from SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO mice.

Based on the IPA results, we subsequently studied key pathways and found that the TP53, TNF, and cell cycle signaling nodes had direct interaction with 4 or more molecules in at least one of the studied variants. Although the TNF node in SP-A2 (1A^0^) males did not have 4 or more direct interactions, large number of genes (40--70% higher than any other node) with ≥2-fold change had indirect interaction with TNF node. Our subsequent analysis and gene validation were focused on molecules involved in these pathways. The functional relationship plots for SP-A2 (1A^0^) males and females are shown in [Figure 5](#F5){ref-type="fig"}, and these indicate that many of the genes that had expression levels ≥2-fold in males vs. females have been reported to have direct (solid lines) or indirect (dashed lines) associations with TP53 (females), TNF (males), and cell cycle signaling nodes (males and females). A similar analysis of the genes identified, from males and females of SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^) variants, and KO, whose expression was ≥2-fold in response to infection also showed the association of genes with TP53, TNF, and cell cycle signaling nodes with direct (solid lines) and indirect (dashed lines) ([Supplementary Figure 3](#SM3){ref-type="supplementary-material"}) indicating that among SP-A variants these pathways may be differentially activated and to a varying degree in response to infection.

![Ingenuity pathway analysis (IPA). The diagram depicts biological networks of genes whose expression was ≥2-fold (shown in color) in the AMs of SP-A2 (1A^0^) males vs. females at the 6 h post-infection time point. The diagram shows reported direct (solid lines) and indirect (dashed lines) interactions for these genes. (**Left**) genes and pathways in male mice; (**Right**) genes and pathways in female mice. Each gene or group of genes is represented as a node. Molecules that are significantly altered ≥2 are represented as node in red. Node shapes represent functional classes of gene products: Square for cytokines, Concentric (double) circle for complex/group, Diamonds for enzymes and peptidases, Ovals for transcription regulators and transmembrane receptors, Triangle for phosphatases and kinases, Rectangles for ligand-dependent nuclear receptors, G-protein coupled receptors, and ion channels, Trapezoids for transporters and microRNAs.](fimmu-11-01290-g0005){#F5}

The cell cycle signaling node was significant (*P* \< 0.05) in SP-A2 (1A^0^) males and females, SP-A1 (6A^2^) males, SP-A2 (1A^3^) females, and KO males ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure 3](#SM3){ref-type="supplementary-material"}). The TP-53 node (*P* \< 0.05) was significant in both males and females in SP-A1 (6A^2^ and 6A^4^) and KO, but only in females in SP-A2 (1A^0^) ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure 3](#SM3){ref-type="supplementary-material"}). The TNF node (*P* \< 0.05) was significant only in SP-A2 (1A^0^) males and KO males ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure 3](#SM3){ref-type="supplementary-material"}). None of the TP-53, TNF, or cell cycle nodes were significant in SP-A2 (1A^3^) males or any other pathways ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure 3](#SM3){ref-type="supplementary-material"}).

From these pathways, we selected the following genes for further analysis (i.e., validation), ADAMTSL4, AKT1, AURKA, BCL3, BCL10, BTK, BUB1B, C1QC, CCL9, CCNA1, CCND1, CCRL2, CDK1, CDK2, CDKN1A, CDKN1B, CFLAR, CKAP2, CTTNB1, CXCL2, CXCR6, ERP44, ESPL1, FKBP5, FOSL1, GBP2, IER5, IFITM2, IRF1, KAT2B, LSP1, MARCO, MGMT, MMP12, MT2, MYC, MYD88, MYO1E, NKX3-1, PPARA, PPARG, PRDM1, PSMB8, RAG1, RCC2, RELA, RSAD2, RTP4, SAMHD1, STAT1, STAT3, STAT5a/b, TACC2, TAP1, TAP2, TCF4, TIE1, UHRF1, and ZFP36L1 ([Figure 5](#F5){ref-type="fig"}, [Supplementary Figure 3](#SM3){ref-type="supplementary-material"}). The expression of the selected set of genes was evaluated by qRT-PCR from AMs of SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO male and female mice exposed to infection.

### TNF-Node (Pro-Inflammatory Responses)

The expression level of BCL3, BCL10, and CCRL2 (6A^4^, 1A^0^, 1A^3^, and KO), GBP2 (6A^2^, 6A^4^, 1A^0^, 1A^3^, and KO), MYD88 (KO, 1A^0^, and 6A^2^), RTP4 (KO, 1A^0^, and 6A^4^), IFITM2 (1A^0^, 1A^3^, and 6A^4^), ZFP36L1 (1A^0^, 1A^3^), STAT1 (1A^3^), RSAD2 (6A^2^), and PSMB8 (6A^4^) ([Figure 6](#F6){ref-type="fig"}) was similar between males and females in response to infection. However, in response to infection, male mice exhibited higher expression levels of CXCL2 (KO, 1A^3^, and 6A^2^), SAMHD1 (1A^0^, 1A^3^), RSAD2, STAT1, and STAT3 (1A^0^), MYD88 and PSMB8 (1A^3^), BCL3, BCL10, CCRL2, IFITM2, RTP4, and ZFP36L1 (6A^2^), compared to females ([Figure 6](#F6){ref-type="fig"}). The female mice exhibited higher expression levels of CXCL2 (1A^0^, 6A^4^), PSMB8 (KO, 1A^0^, and 6A^2^), IFITM2 (KO), MYD88 (6A^4^), RSAD2 (KO, 6A^4^, and 1A^3^), SAMHD1 (KO, 6A^2^, and 6A^4^), STAT1 (KO, 6A^2^, and 6A^4^), STAT3 (KO, 6A^2^, 6A^4^, and 1A^3^), ZFP36L1 (KO, 6A^4^), and RTP4 (1A^3^) compared to males in response to infection ([Figure 6](#F6){ref-type="fig"}).

![Effect of infection on the expression of genes involved in the TNF-node in SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO male and female. The expression level of genes involved in direct and indirect interactions with TNF shown in [Figure 5A](#F5){ref-type="fig"} and [Supplementary Figure 3](#SM3){ref-type="supplementary-material"} (BCL3, BCL10, CCRL2, CXCL2, GBP2, IFITM2, MYD88, PSMB8, RSAD2, RTP4, SAMHD1, STAT1, STAT3, and ZFP36L1) were measured in KO **(A)**, SP-A2 (1A^0^) **(B)**, SP-A2 (1A^3^) **(C)**, SP-A1 (6A^2^) **(D)** and SP-A1 (6A^4^) **(E)**. The expression levels were normalized to GAPDH and the significant differences (*P* \< 0.05) between sexes are noted with an asterisk (\*).](fimmu-11-01290-g0006){#F6}

### TP-53-Node

The expression level of ADAMTSL4, AURKA, BUB1B, CXCR6, ESPL1, FOSL1, IER5, MGMT, MT2, MYO1E, PRDM1, and UHRF1 (KO, 1A^0^, 1A^3^, 6A^2^, and 6A^4^), TACC2 (KO, 1A^3^, 6A^2^, and 6A^4^), ERP44 (KO, 1A^3^), CKAP2 (1A^0^, 1A^3^, 6A^2^, and 6A^4^), KAT2B (1A^0^, 1A^3^, and 6A^4^), RCC2 (1A^0^, 6A^4^), BTK (1A^3^, 6A^2^, and 6A^4^), C1QC (KO, 1A^0^, 1A^3^, and 6A^4^), RELA (1A^0^, 1A^3^, 6A^2^, and 6A^4^), CFLAR (6A^2^), and AKT1(6A^4^) was similar between males and females in response to infection ([Figure 7](#F7){ref-type="fig"}). However, in response to infection, male mice exhibited higher expression levels of CFLAR, and FKBP5 (KO, 1A^3^), AKT1, and CCL9 (1A^3^, 6A^2^), C1QC (6A^2^), LSP1 (1A^3^, 6A^2^, and 6A^4^), CKAP2, and KAT2B (KO), TACC2 (1A^0^), RCC2 (1A^3^, 6A^2^), PPARG (1A^3^, 6A^4^), and ERP44 (6A^2^) compared to females ([Figure 7](#F7){ref-type="fig"}). The female mice exhibited higher expression levels of AKT1, BTK, CCL9, and LSP1 (KO, 1A^0^), PPARG (KO, 1A^0^, and 6A^2^), CFLAR, and ERP44 (1A^0^, 6A^4^), CCL9 (KO, 1A^0^, and 6A^4^), RCC2, and RELA (KO), KAT2B (6A^2^) and FKBP5 (1A^0^, 6A^2^, and 6A^4^) compared to males in response to infection ([Figure 7](#F7){ref-type="fig"}).

![Effect of infection on the expression of genes involved in the TP53-node in SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO male and female. The expression level of genes involved in direct and indirect interactions with TP-53 shown in [Figure 5A](#F5){ref-type="fig"} and [Supplementary Figure 3](#SM3){ref-type="supplementary-material"} (ADAMTSL4, AKT1 AURKA, BTK, BUB1B, C1QC, CCL9, CFLAR, CKAP2, CXCR6, ERP44, ESPL1, FKBP5, FOSL1, IER5, KAT2B, LSP1, MGMT, MT2, MYO1E, PPARG, PRDM1, RCC2, RELA, TACC2, and UHRF1) were measured in KO **(A)**, SP-A2 (1A^0^) **(B)**, SP-A2 (1A^3^) **(C)**, SP-A1 (6A^2^) **(D)** and SP-A1 (6A^4^) **(E)**. The expression levels were normalized to GAPDH and the significant differences (*P* \< 0.05) between sexes are noted with an asterisk (\*).](fimmu-11-01290-g0007){#F7}

### Cell Cycle

The expression level of CCNA1, NKX3-1, PPARA, RAG1, and TIE1 (KO, 1A^0^, 1A^3^, 6A^2^, and 6A^4^), CCND1, and IRF1 (KO, 1A^0^, 1A^3^, and 6A^4^) CDK2 (1A^0^, 1A^3^, and 6A^4^), CDK1 (6A^2^, 6A^4^, and 1A^3^), MMP12 (1A^0^, 6A^2^), MYC (1A^0^, 1A^3^, and 6A^4^), STAT5a/b (1A^0^, 6A^4^) TAP2 (6A^2^, 6A^4^, and 1A^3^), TAP1 (6A^2^, 1A^3^), CDKN1A (6A^4^) and TCF4 (KO, 1A^3^ and 6A^4^) was similar between males and females in response to infection ([Figure 8](#F8){ref-type="fig"}). However, in response to infection, male mice exhibited higher expression levels of CDKN1B, and CTNNB1 (KO, 1A^3^), TCF4 (1A^0^, 6A^2^), TAP1, and TAP2, (1A^0^), CDKN1A, (1A^3^, 6A^2^), MARCO, and MMP12 (1A^3^), CCND1, CDK2, IRF and MYC (6A^2^) compared to females ([Figure 8](#F8){ref-type="fig"}). The female mice exhibited higher expression levels of CDK1, and CDKN1A (KO, 1A^0^), CDK2 (KO), MARCO (KO, 1A^0^, 6A^2^, and 6A^4^), MMP12 (KO, 6A^4^), MYC (KO), STAT5a/b (KO, 1A^3^, and 6A^2^), TAP1 (KO, 6A^4^), TAP2 (KO), CDKN1B, and CTNNB1 (1A^0^, 6A^2^, and 6A^4^) and CCND1 (1A^3^) compared to males in response to infection ([Figure 8](#F8){ref-type="fig"}).

![Effect of infection on the expression of genes involved in the Cell Cycle-node in SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^0^, 1A^3^), and KO male and female. The expression level of genes involved in direct and indirect interactions with Cell Cycle shown in [Figure 5A](#F5){ref-type="fig"} and [Supplementary Figure 3](#SM3){ref-type="supplementary-material"} (CCNA1, CCND1, CDK1, CDK2, CDKN1A, CKDN1B, CTNNB1, IRF1, MARCO, MMP12, MYC, NKX3-1, PPARA, RAG1, STAT5a/b, TAP1, TAP2, TCF4, and TIE1) were measured in KO **(A)**, SP-A2 (1A^0^) **(B)**, SP-A2 (1A^3^) **(C)**, SP-A1 (6A^2^) **(D)** and SP-A1 (6A^4^) **(E)**. The expression levels were normalized to GAPDH and the significant differences (*P* \< 0.05) between sexes are noted with an asterisk (\*).](fimmu-11-01290-g0008){#F8}

In summary, the collective information of the significant changes in expression of genes in response to infection in AM cells from different SP-A variants and KO indicate sex-specific differences in expression of genes as well as, a differential impact of SP-A variants in the regulation of genes and may provide the foundation for the identification of sex-specific targets in response to infection.

Discussion {#s4}
==========

Of the many types of macrophages found in the body, alveolar macrophages are in contact with external stimuli most frequently. As such, they are the primary effector cell for lung innate immunity and shown to be influenced by SP-A ([@B29], [@B30], [@B35], [@B68]--[@B70]), however, the extent of this effect is not fully understood. Furthermore, sex-dependent survival in wild type and SP-A-KO mice in response to *K. pneumoniae* infection ([@B29], [@B30]) as well as sex differences in survival in mice carrying different human SP-A1 and SP-A2 variants ([@B32]) were observed. In this study, we wished to investigate AM gene expression and sex differences in hTG mice, SP-A1, SP-A2, and SP-A-KO in response to *K. pneumoniae*. We found (a) significant differences in gene expression of SP-A2 (1A^0^) AM at 6, 18, and 24 h post-infection, as well as sex differences at 6 and 24 h post-infection, but not at 18 h. (b) significant sex differences in AM gene expression of SP-A2 (1A^3^), SP-A2 (6A^2^, 6A^4^), and SP-A-KO mice at 6 h post-infection; (c) of the three pathways (TNF, TP-53, and cell cycle signaling nodes) studied here, all variants except SP-A2 (1A^3^) female, showed significance for at least 2 of these pathways, and KO male showed significance for all three pathways; (d) though the expression profile of validated genes was variant-specific, a similarity in the gene expression profile of KO and SP-A1 mice was observed.

In the present study, we build and extend on previous findings where functional differences of human SP-A1 and SP-A2 variants were investigated, in terms of their differential impact on AM miRNome after oxidative stress ([@B64]), the AM proteomic profile ([@B61]), and post-infection survival ([@B32]). The gene expression differences observed at 6 h post-infection are reminiscent with AM proteomics findings where mice carrying single gene variants of SP-A1 and SP-A2 exhibited variant-specific protein expression profile ([@B61]). More similarities in gene expression were observed in KO and SP-A1 compared to SP-A2. KO and SP-A1 have been shown previously to be more similar in regards to proteomic profile, miRNome of AM, and airway function but distinct from SP-A2 in response to infection with or without oxidative stress ([@B62], [@B64], [@B73]). IPA analysis of genes involved in molecular and cellular functions revealed differential expression of genes related to cell morphology, cell function and maintenance, cell development, and movement in both males and females. Out of all the nodes that appeared in IPA, we chose three nodes: TNF, TP53, and cell cycle signaling, for further study. These contained direct interactions for 4 or more molecules in at least one of the SP-A variants of either male or female. The TNF node for SP-A2 (1A^0^) males, although did not fulfill the selection criteria of direct interactions, was included for further study because of the large number of molecules (40--70% more compared to other variants) showing indirect interactions. Subsequently, genes that had direct or indirect interactions within these pathways were validated and discussed below.

Sex Differences in Gene Expression
----------------------------------

### TNF Node: Pro-Inflammatory Responses

After infection, the 1A^3^, 6A^2^ variants, and KO male mice, and female 1A^0^ and 6A^4^ variants (but not males) exhibited higher expression levels of CXCL2 in response to infection. CXCL2 is an antimicrobial cell-signaling cytokine and a chemoattractant with a pro-inflammatory function and linked to ventilator ([@B80]) and hyperoxia-induced acute lung injury ([@B81]), and it contributes to chemotaxis, and immune and inflammatory response after infection ([@B82]). Hyperoxia increases neutrophil recruitment and lung injury that parallels the expression of CXCL2. Similarly, a higher number of neutrophils was observed in BAL of KO males in response to infection and ozone-induced oxidative stress ([@B30]). Moreover, inhibition of CXCL2 receptors has been shown to attenuate hyperoxia-induced inflammation and improved survival ([@B81]). Whether the higher expression of CXCL2 in the present study along with high neutrophil in the BAL of KO male observed in the previous study ([@B30], [@B31]) explain the lowest survival for KO male remains to be determined. Of interest, 1A^3^, and 6A^2^ males with high CXCL2 also showed low survival post-infection ([@B32]). However, in the present study, we observed high expression of CXCL2 in 1A^0^ and 6A^4^ female mice but these mice have shown to have the highest and lowest survival rate, respectively, post-infection ([@B32]). Although neutrophil levels were not assessed in that study, this observation points to potential mechanistic complexities incurred by SP-A genetics. Moreover, the CXCL2 gene expression in the present study varied as a function of sex and variant, and further study is needed to elucidate the complexity of the underlying mechanisms.

Male SP-A2 (1A^0^, 1A^3^) variants, and female KO and SP-A1 variant (6A^2^, 6A^4^) mice showed increased expression of SAMHD1 gene. An upregulation of SAMHD1 by LPS induced acute lung injury in as early as 6 h of post-stimulation and was thought to be one of the early cellular responses and an effector of innate immunity after infection ([@B83]). This particular gene plays an important role in the regulation of innate immune response via type 1 interferons ([@B84]). These interferons also activate JAK/STAT signaling pathways. Similar to the SAMHD1 gene, we observed higher expression of STAT1 and STAT3 genes in male SP-A2 (1A^0^, 1A^3^) and female KO, and SP-A1 (6A^2^, 6A^4^) mice. The STAT genes are a family of cytoplasmic transcription factors that are activated by various cytokines, growth factors, and other stimuli and phosphorylated by many protein kinases ([@B85]). Interferon-mediated activation of STAT3 in macrophages is an indispensable mechanism to prevent inflammation in mice ([@B85]). Moreover, increased STAT3 mRNA level at 4 h and 18 h, as well as increased IL-6 (a STAT3 regulator) at 18 h, in AM of SP-A2 male (but not female) mice after oxidative stress was observed ([@B64]) indicating a time, sex, and SP-A variant dependent changes in AM. We postulate that microbial infection, as in the present study, induces Janus kinase (JAK) family that mediates phosphorylation of STAT1 and STAT3. These, in turn, translocate into the nucleus, resulting in increased expression of IFN-stimulated genes, such as SAMHD1, that modulate host immune responses ([@B86]). Taken together, these indicate the potential role of SP-A genetics mediating AM gene expression in response to infection. Although the underlying mechanisms remain unclear, it is likely to be an interplay of sex and SP-A genetic variants.

The ingenuity pathway analysis revealed TNF node networks for SP-A2 (1A^0^) and KO males only. Although the network pathway is very complex there are a couple of interesting features. a) In KO male, the NF-κB complex is shown to be activated directly by the IKK complex 6 h post-infection ([Supplementary Figure 3](#SM3){ref-type="supplementary-material"}). It has been shown that in the classic NF-κB pathway, IKK molecules get phosphorylated in response to various stimuli such as bacterial or viral products, inflammatory cytokines, and oxidative stress ([@B87]). This modification allows their polyubiquitination and destruction by the proteasome. As a consequence, free NF-κB enters the nucleus and activates the transcription of genes that participate in the immune and inflammatory response after infection ([@B87]). In contrast, in SP-A2 mice, the NFκB complex does not appear in the TNF node pathway and the IKK complex appears to be directly activated by BCL10, the expression of which was similar in males and females in SP-A2 and KO male 6 h post-infection ([Figure 6](#F6){ref-type="fig"}). The BCL10 is an upstream activator of the IKK complex in the innate immunity pathways, which in turn activates the NF-κB complex ([@B88]). SP-A is shown to activate the NF-κB complex ([@B89]). Moreover, a recent study of BAL proteomic profile after infection and oxidative stress showed upregulation of proteins that regulate the NF-κB pathway in SP-A1 and SP-A2 males but not in females ([@B90]). Of interest, ozone (O~3~)-induced oxidation of SP-A decreases its ability to activate the classic NF-κB pathway ([@B91]) and O~3~ exposure of THP-1 cells resulted in a decrease in SP-A mediated THP-1cell responsiveness, indicating an alternative mechanisms are involved when both THP-1 cells (a macrophage-like cell line) and SP-A are exposed to ozone simultaneously ([@B91]). We postulate that oxidation of SP-A, particularly of SP-A2, is responsible for the activation of a non-classic NF-κB pathway in SP-A2 (1A^0^) as shown in IPA ([Figure 5](#F5){ref-type="fig"}). Of interest, a previous study of ozone-induced oxidative injury showed 18 h after ozone exposure a downregulation of AM miRNAs that target NF-κB in SP-A2 (1A^0^) male but not in KO male ([@B64]), indicating a potential upregulation of NF-κB in SP-A2 (1A^0^). However, the mRNA level of IKKβ decreased and NF-κB remained unchanged at 18 h post ozone exposure. Taken together, these observations indicate that activation of IKKB-NF-κB pathway is delayed in response to pulmonary insults in SP-A2 (1A^0^) male compared to KO male, whether this is due to SP-A2 oxidation ([@B48], [@B92]) remains to be determined. b) In SP-A2 (1A^0^) male, interleukin-1 (IL-1) and IL1 receptor antagonist (IL1RN) get indirectly activated at 6 h post-infection ([Figure 5](#F5){ref-type="fig"}). SP-A induces IL-1 production in THP cell line after a short term exposure (2 h) of LPS ([@B93]). SP-A upregulates the IL-1 receptor-associated kinase M in response to long term exposure (6--24 h) of LPS which in turn suppresses the production of cytokines in alveolar macrophages ([@B94], [@B95]). The upregulation of IL-1 receptor-associated kinase M starts after 6 h of exposure to SP-A and gets maximized at 12 h. In the present study at 6 h post-infection, IPA showed indirect activation of both IL1 and IL1RN in AM of SP-A2 (1A^0^) male. Considering the role of SP-A in both pro- and anti-inflammation, we speculate that the balance starts to tilt toward anti-inflammatory response in AM at 6 h post-infection.

### TP-53-Node

Although the TP-53 node is shown to associate with lung cancer ([@B96]), we observed in the present study a significant contribution of the TP-53 node by IPA analysis which is based on existing information about gene functions. Previous studies have shown that SP-A1 (6A^4^) and SP-A2 variants are associated with lung carcinoma ([@B97]--[@B99]). Therefore, it is possible that the TP-53 node genes are also involved and upregulated after infection. We found collectively among SP-A variants several genes such as AKT1, BTK, CCL9, PPARG, and RELA to exhibit higher expression in females, whereas, CFLAR, C1QC, LSP1, CKAP2, KAT2B, TACC2, and RCC2 exhibited higher expression in males after infection ([Figure 7](#F7){ref-type="fig"}). These genes may represent mechanisms yet to be understood and new knowledge of processes operating during the early phase of infection. After qRT-PCR validation, we found that KO and 1A^3^ males, and 1A^0^, 6A^2^, and 6A^4^ females exhibited a higher expression of the FKBP5 gene. The FKBP5 gene encodes an immunophilin protein that plays a role in immunoregulation and basic cellular processes involving protein folding and trafficking. Furthermore, the FKBP5 gene is related to glucocorticoid receptor regulatory network and PI3K/Akt signaling pathways. A recent study showed an association of the FKBP5 gene with chronic obstructive pulmonary disease (COPD), and those with a particular genetic variant respond better to inhaled corticosteroids ([@B100]). However, the influence of sex was not studied. COPD is an inflammatory, non-reversible obstructive lung disorder with abnormal lung function showing obstruction to airflow and increased resistance ([@B101]). The gram-negative bacterial infection, particularly K. pneumoniae, is a common cause of acute exacerbation of COPD, and baseline pulmonary function is the strongest predictor of the outcome of acute exacerbation ([@B102], [@B103]). Of note, recently we showed a significant increase in resistance and decrease in lung compliance (the ease with which lung can be stretched) at 18 h after K. pneumoniae infection in females compared to males in KO, SP-A1 (6A^2^, 6A^4^), and SP-A2 (1A^0^, 1A^3^) variants mice ([@B73]). However, the pattern changed with males showing increased resistance in response to methacholine challenge after infection, especially for single SP-A1 or SP-A2 variants ([@B73]). Male sex is associated with severe COPD, and association of severe COPD and SP-A1 variant has been shown in smokers ([@B104]). The differential impact of SP-A genetic variants and sex on expression of the FKBP5 gene in the present study and on lung function in previous study ([@B73]), along with human studies shows predisposition of male sex and the FKBP5 gene for severe COPD, it will be interesting to explore further i.e., study the role of SP-A-mediated change in the FKBP5 gene in COPD patients, particularly in males.

Considering the diverse functional implications of SP-A in various lung diseases, it is not surprising that SP-A is also shown to regulate tumor microenvironment by inducing the production of inflammatory cytokines and controlling the polarization of tumor-associated macrophages in lung cancer ([@B105]). In the current study, we did not observe any changes in the expression levels of genes involved in the regulation of the mitotic and meiotic cell division, differentiation, and growth (AURKA, BUB1B, ESPL1, FOSL1, IER5, and MGMT). However, expression levels of genes involved in AM mediated inflammation and cytokine production (BTK, C1QC, CCL9, FKBP5, LSP1, PRDM1, and PPARG) were significantly increased. Although the higher expression of genes that regulate inflammation and cytokine production in the present study are due to bacterial infection rather than any true carcinogenic modulation, deranged immunity to foreign (i.e., bacterial, virus, toxic inhalants) or endogenous tumor-associated antigens is responsible for at least 15% of lung cancer ([@B106]). Based on the available information, we postulate that SP-A contributes to the tumor microenvironment by controlling AM genes that regulate inflammation and cytokine production.

### Cell Cycle

Bacterial pathogens have shown to employ a variety of strategies to manipulate the host cell cycle ([@B107]). In the present study, the majority of the genes (CCNA1, MYC, NKX3-1, PPARA, TCF4, and TIE1) that regulate various phases of cell division are unchanged, except for the high expression of CDK1 and CDK2 genes in SP-A2 (1A^0^) female and SP-A1 (6A^2^) male, respectively. Of note, previous studies of oxidative stress-mediated change in AM miRNome showed downregulation of miRNAs that upregulate the CDK2 mRNA and other cell cycle genes in co-ex males (mice that expressed both SP-A1 and SP-A2) but not in a single SP-A variant mice indicating the need for both SP-A1 and SP-A2 to regulate cell cycle function in response to oxidative stress ([@B64], [@B76]). In response to infection, both gene products are needed to regulate cell cycle genes as shown for the AM miRNome in response to oxidative stress ([@B76]).

The majority of genes (CTNNB1, MARCO, STAT5a/b, TAP1, and TAP2) that regulate proliferation and differentiation of immune cells showed a differential higher expression in KO and SP-A variants in response to infection. Specifically, the MARCO gene exhibited higher expression in 1A^3^ male and KO, 1A^0^, 6A^2^, and 6A^4^ female. MARCO (Macrophage receptor with collagenous structure) is a distinct member of the scavenger receptor family and plays an important role in innate immune defense by acting as pattern recognition receptors ([@B108]). Though it is expressed only in some subpopulations of macrophage, it is shown to be upregulated in AM and correlates with survival after *Streptococcus pneumoniae* lung infection ([@B109]). Moreover, the downregulation of MARCO in AM is associated with a decreased clearance and increased susceptibility of *Streptococcus pneumoniae* after influenza infection ([@B110]). In the present study, MARCO is upregulated in AM of female mice except for 1A^3^. Previously, a better survival for female compared to male after *K. pneumoniae* infection was observed ([@B32]). We speculate that the upregulation of MARCO contributes to better survival for females. Of interest, the upregulation of MARCO in 1A^3^ male and KO showing lower survival is intriguing and puzzling, and further study is needed to explore the role of MARCO in *K. pneumoniae* infection. Moreover, we observed upregulation of the transporter associated with antigen processing 1 (TAP1) and TAP2 genes in 1A^0^ male and KO female. These proteins are located on the endoplasmic reticulum (ER) membrane and are necessary to translocate viral and bacterial peptides from the cytosol to the ER and ensure proper loading of those peptides to major histocompatibility complex (MHC) class I that gets presented to cytotoxic T cells ([@B111]). The observation of chronic bacterial lung infections in TAP1 and TAP2 deficient patients indicates that presentation of bacterial antigens by MHC on AM is defective ([@B112]), leading to ineffective clearance of bacteria from the lung. Furthermore, an increase in TAP gene expression and TAP activity in response to infection has been observed ([@B113]). Currently, it is unclear why the upregulation of TAP genes are specific to 1A^0^ male and KO female, particularly in light of the survival study that showed the highest survival for 1A^0^ female and the lowest survival for KO male ([@B32]). We speculate that if a more vigorous response occurs in mice of a given sex and/or mice that carry a specific SP-A variant (or lack SP-A as is the case in KO) making them presumably less capable to effectively handle or control the infection, then the survival of these mice is negatively affected.

Moreover, other genes such as CCNA1, CCND1, IRF1, NKX3-1, PPARA, RAG1, TIE1, CDK1, MMP12, MYC, STAT5a/b, CDKN1A and TCF4 that are part of the cell cycle node had sex and variant-specific differential gene expression changes in response to infection. Previous studies of AM gene profiling after infection ([@B114], [@B115]) have shown genes that regulate cell cycle to differ from the genes identified here. This is likely due to different conditions, type, and timing of infection.

Our study has few limitations: (a) we validated genes identified by IPA that had direct interactions in the TP53, TNF, and cell cycle signaling nodes, but we did not measure the protein levels. However, there is a significantly higher correlation between mRNA and protein level for genes that are differentially expressed ([@B116]), and we speculate that the mRNA levels of the differentially expressed genes studied here correlate in most (if not all) cases with protein levels, (b) the molecular mechanisms of the identified pathways were not studied, and (c) though the level of SP-A1 and SP-A2 is similar in single gene variants ([Figure 1](#F1){ref-type="fig"}), we did not study the impact of varying amount of SP-A1 and SP-A2 on AM gene expression in response to infection. Previously, it has been shown, that the ratio of SP-A1 to total SP-A differs based on lung pathology, age, and sex ([@B117], [@B118]), and this may have consequences on AM given the relative functional differences of SP-A1 and SP-A2. Nonetheless, the results of the present study further shed light on the complexities of SP-A genetic variants on AM expression as well as the role of sex on AM after infection. Differences also exist in the receptors sensing infections.

### Pros and Cons of Human Transgenic Mouse Model

There are significant differences between mice and humans that include aspects of the immune system development, activation, and response to infection ([@B10], [@B119], [@B120]). Differences also exist in the receptors sensing infections ([@B121]), and the ligand specificities and affinities of TLRs ([@B122], [@B123]). However, several studies have shown that the mouse pneumonia model recapitulates key features of Klebsiella-induced pneumonia in humans as well as differences. Mice have shown increased neutrophils in BAL in response to *K. pneumoniae* infection ([@B124]) similar to that of human BAL ([@B125]). It has been observed that although the phagocytic activity level of the rodent (rat) and human alveolar macrophages differs, the phagocytic activity of both rat and human AMs was enhanced in the presence of human SP-A variants, with SP-A2 exhibiting higher activity than SP-A1 ([@B48]). Similar observations have been made with mouse AMs (our unpublished preliminary data). Furthermore, similarities have been observed in survival in humans and mice with regards to SP-A variants. A better survival in the first year after lung transplantation was observed in humans if the transplanted lung carried a specific SP-A2 (1A^0^) variant ([@B126]) and this variant was also found to associate with better survival in mice after infection ([@B32]). This further supports the usefulness of the SP-A1 and SP-A2 transgenic mice to gain further insight into the human conditions.

### Overall Comments

SP-A1 and SP-A2 exhibit gene-specific amino acid differences located within the collagen-like region at positions 66, 73, 81, and 85. The presence of cysteine at 85 position of SP-A1 and arginine for SP-A2 has a remarkable impact on SP-A structure and function ([@B51]). SP-A2 exhibits a significant higher activity of host-defense functions, such as phagocytosis ([@B47], [@B48], [@B59]) as well as in survival in response to infection ([@B32]) compared to SP-A1, whereas SP-A1 exhibits higher efficiency in pulmonary surfactant structural reorganization and in the inhibition of surfactant function by serum proteins ([@B66]). Moreover, both SP-A1 and SP-A2 are required to make tubular myelin, an extracellular structural form of surfactant ([@B52]). Studies of the AM miRNome in response ozone-induced oxidative stress showed that although SP-A1, by itself did not have any major effect on the AM miRNome under the studied conditions ([@B64]), in the presence of SP-A2, modulated gene expression in certain pathways ([@B76]). For the most part SP-A1 and SP-A2 exhibit similar functions but their activity level differs significantly. Although in human both genes are expected to be expressed, the relative levels of each may differ significantly ([@B117]), and these differences have been correlated with various lung disease such as asthma ([@B118]) and cystic fibrosis as well as culture positive bronchoalveolar lavage samples ([@B117]). The corollary to this that as the individual levels may vary, the SP-A1 and SP-A2 function in the lung may also vary especially in response to pressures and thus modify disease susceptibility of the host.

A recent study showed that SP-A1 and SP-A2 differentially bind to AM. The maximal binding (Bmax) of SP-A2 to AM was shown to be 2-3 times higher than that of SP-A1 binding ([@B127]). Moreover, SP-A2 exhibits a higher ability to bind phagocytic cells, such as AMs and THP-1 cells than SP-A1, but neither SP-A1 or SP-A2 bound CHO cells, a non-phagocytic cell line ([@B32]), further supporting a differential cell-specific receptor binding. Although the mechanistic details of how the differential binding may differentially affect AM function have not been investigated, several studies have shown that SP-A1 and SP-A2 exhibit differences in the phagocytic index of AM in *ex-vivo* studies with SP-A2 exhibiting higher activity ([@B47], [@B48], [@B59]).

In the present study, although in general, the gene expression profile and pathway analysis is distinct for each variant, we observed a few interesting patterns: ([@B1]) the expression profile of the genes that are involved in TNF node pro-inflammatory pathway is more similar for KO and SP-A1 than KO and SP-A2, particularly for females with 40% of the validated genes showing significantly increased expression ([Figure 6](#F6){ref-type="fig"}). A similarity in the AM proteomic profile of SP-A1 (6A^2^) and KO has been previously observed, and the AM proteomic profile of SP-A2 (1A^0^) was similar to that of WT in basal conditions ([@B61], [@B62]). Functionally, SP-A2 enhances bacterial cell association, phagocytosis, and cytokine production by AM more effectively than SP-A1 ([@B47], [@B48], [@B57]), and exhibits a significantly better survival rate after infection ([@B32]). Residue 85 in SP-A1 (cysteine) and in SP-A2 (arginine) plays an important role in phagocytosis and other SP-A-mediated functions ([@B51]). The cysteine may further lead to structural instability in SP-A1 ([@B128]). Thus, the fact that the gene expression profile of the pro-inflammatory pathway is similar in KO and SP-A1 variants may not be that surprising. Though not studied here, we speculate that compared to SP-A1 and KO, the gene expression profile of the pro-inflammatory pathway would be more similar in WT and SP-A2 variants. ([@B2]) The expression profile of genes that are involved in TP53 node are similar in KO and SP-A2 (1A^0^) ([Figure 7](#F7){ref-type="fig"}). Considering previous observations of similarity between KO and SP-A1 variants, the finding of similarity in TP53 node of KO and SP-A2 (1A^0^) is surprising and intriguing. ([@B3]) No significant differences in the expression pattern of genes that are involved in the cell cycle signaling node were observed. ([@B4]) Although canonical pathways appear distinct for each variant, the pattern is similar for KO and SP-A1 (6A^2^) variant with the SP-A1 (6A^4^) showing only the TP53 node to be significant. Whereas, for the SP-A2 variants, the picture was quite different, with the SP-A2 (1A^3^) showing only the cell cycle signaling node for females and none for males ([Supplementary Figure 3](#SM3){ref-type="supplementary-material"}).

In summary, although, collectively, the total amino acid differences among human SP-A1 and SP-A2 genetic variants is small (*n* = 10 with only four of them being gene-specific), their functional impact on AMs is varied and extensive and includes changes in the function, actin cytoskeleton, proteome, miRNome, and the gene expression profile and pathways involved (present study). Humanized transgenic mice, each carrying a different SP-A1 or SP-A2 variant have been shown to differentially affect lung function and survival after infection in a sex-dependent manner. These observations together beg the consideration of SP-A genotype in human lung diseases where dysregulation of inflammatory process and host defense, in general, are part of the underlying causes. In fact, a given SP-A2 genotype/variant, shown previously to associate with better mouse survival after infection ([@B32]), is also associated with better survival in lung transplant patients especially in the first year after lung transplant, which is the most critical time perhaps due to dysregulation of inflammation and host defense ([@B126]).
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###### 

Venn diagrams show the number of genes identified in comparisons of combined males and females from mice each carrying a different human variant in response to *K. pneumoniae*. **(A)** Comparison between SP-A1 (6A^2^ vs. 6A^4^). Out of 196 and 494 genes identified from 6A^2^ and 6A^4^ respectively, 5 are identified to be in common in both the SP-A1 gene-specific variants, 191 are specific to 6A^2^, and 489 are to 6A^4^. **(B)** Comparison between SP-A2 (1A^0^ vs. 1A^3^). Out of 276 and 397 genes identified from 1A^0^ and 1A^3^, respectively, 31 are identified to be in common in both the SP-A2 gene-specific variants, 245 are specific to 1A^0^ and 366 are to 1A^3^. **(C)** Comparison of genes between SP-A2 (1A^0^) vs. SP-A1 (6A^2^). Out of 276 and 196 genes identified from 1A^0^ and 6A^2^, respectively, 10 are identified to be in common in the SP-A1 (6A^2^) and SP-A2 (1A^0^) gene variants, 266 are specific to 1A^0^ and 186 are to 6A^2^. **(D)** Comparison of genes between SP-A2 (1A^0^) vs. SP-A1 (6A^4^). Out of 276 and 494 genes identified from 1A^0^ and 6A^4^, respectively, 15 are identified to be in common in the SP-A1 (6A^4^) and SP-A2 (1A^0^) gene variants, 261 are specific to 1A^0^ and 479 are to 6A^4^. **(E)** Comparison of genes between SP-A2 (1A^3^) vs. SP-A1 (6A^2^). Out of 397 and 196 genes identified from 1A^3^ and 6A^2^, respectively, 14 are identified to be in common in the SP-A1 (6A^2^) and SP-A2 (1A^3^) gene variants, 384 are specific to 1A^3^ and 182 are to 6A^2^. **(F)** Comparison of genes between SP-A2 (1A^3^) vs. SP-A1 (6A^4^). Out of 397 and 494 genes identified from 1A^3^ and 6A^4^, respectively, 31 are identified to be in common in the SP-A1 (6A^4^) and SP-A2 (1A^3^) gene variants, 366 are specific to 1A^3^ and 463 are to 6A^4^.
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Click here for additional data file.

###### 

Venn diagram comparisons of the number of genes from different variants vs. KO. **(A)** Comparison between SP-A2 (1A^0^) vs. KO. Out of 276 and 858 genes identified from 1A^0^ and KO, respectively, 40 are identified to be in common in the SP-A2 (1A^0^) and KO, 236 are specific to 1A^0^ and 818 are to KO. **(B)** Comparison between SP-A2 (1A^3^) vs. KO. Out of 397 and 858 genes identified from 1A^3^ and KO, respectively, 142 are identified to be in common in the SP-A2 (1A^3^) and KO, 255 are specific to 1A^3^ and 716 are to KO. **(C)** Comparison between SP-A1 (6A^2^) vs. KO. Out of 196 and 858 genes identified from 6A^2^ and KO, respectively, 27 are identified to be in common in the SP-A1 (6A^2^) and KO, 169 are specific to 6A^2^ and 831 are to KO. **(D)** Comparison between SP-A1 (6A^4^) vs. KO. Out of 494 and 858 genes identified from 6A^4^ and KO, respectively, 42 are identified to be in common in the SP-A1 (6A^4^) and KO, 452 are specific to 6A^4^ and 816 are to KO.
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Ingenuity Pathway Analysis for gene expression in males and females exposed to *K. pneumoniae* infection for 6 h in SP-A1 (6A^2^, 6A^4^), SP-A2 (1A^3^) and KO. Diagrams of biological networks of selected genes whose expression was ≥2-fold in the AM of male and female mice after infection are shown in color. *Left*, genes and pathways in male mice; *right*, genes and pathways in female mice. The diagrams show reported direct (solid lines) or indirect (dashed lines) gene interactions. Each gene or group of genes is represented as a node. Molecules that are significantly altered ≥2 are represented as node in red. Node shapes represent functional classes of gene products: Square for cytokines, Concentric (double) circle for complex/group, Diamonds for enzymes and peptidases, Ovals for transcription regulators and Transmembrane receptors, Triangle for phosphatases and Kinases, Rectangles for ligand-dependent nuclear receptors, G-protein coupled receptors, and ion channels, Trapezoids for transporters and microRNAs.

###### 

Click here for additional data file.

###### 

Identification of genes from AMs of SP-A2 (1A^0^) males and females in response to *K. pneumoniae* infection at different time points (6, 18, and 24 h).
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Click here for additional data file.

###### 

Identification of genes from AMs of SP-A1 (6A^2^), SP-A1 (6A^4^), SP-A2 (1A^3^), and KO males and females in response to *K. pneumoniae* infection after 6 h.

###### 

Click here for additional data file.

###### 

Comparison of genes from AMs of SP-A2 (1A^0^), SP-A2 (1A^3^), SP-A1 (6A^2^), SP-A1 (6A^4^), and KO males and females in response to *K. pneumoniae* infection after 6 h.

###### 

Click here for additional data file.

ADAMTSL4

:   ADAMTS-like 4

AKT1

:   AKT serine/threonine kinase 1

AM

:   Alveolar macrophages

ANOVA

:   Analysis of variance

AURKA

:   aurora kinase A

BAL

:   bronchoalveolar lavage

BCL3

:   B cell leukemia/lymphoma 3

BCL10

:   B cell leukemia/lymphoma 10

BTK

:   Bruton agammaglobulinemia tyrosine kinase

BUB1B

:   mitotic checkpoint serine/threonine kinase

C1QC

:   complement component 1, q subcomponent, C chain

CCL9

:   chemokine (C-C motif) ligand 9

CCNA1

:   cyclin A1

CCND1

:   cyclin D1

CCRL2

:   chemokine (C-C motif) receptor-like 2

CDK1

:   cyclin-dependent kinase 1

CDK2

:   cyclin-dependent kinase 2

CDKN1A

:   cyclin dependent kinase inhibitor 1A

CDKN1B

:   cyclin dependent kinase inhibitor 1B

CFLAR

:   CASP8 and FADD like apoptosis regulator

CKAP2

:   cytoskeleton associated protein 2

CTTNB1

:   catenin alpha 1

CXCL2

:   chemokine (C-X-C motif) ligand 2

CXCR6

:   chemokine (C-X-C motif) receptor 6

ERP44

:   endoplasmic reticulum protein 44

ESPL1

:   extra spindle pole bodies 1

FKBP5

:   FK506 binding protein 5

FOSL1

:   fos-like antigen 1

GBP2

:   guanylate binding protein 2

IER5

:   immediate early response 5

IFITM2

:   interferon induced transmembrane protein 2

IRF1

:   interferon regulatory factor 1

IPA

:   Ingenuity Pathway Analysis

KAT2B

:   K(lysine) acetyltransferase 2B

KO

:   knock-out

LSP1

:   lymphocyte specific 1

MARCO

:   macrophage receptor with collagenous structure

MGMT

:   O-6-methylguanine-DNA methyltransferase

MMP12

:   matrix metallopeptidase 12

MT2

:   metallothionein 2

MYC

:   MYC proto-oncogene

MYD88

:   myeloid differentiation primary response gene 88

MYO1E

:   myosin IE

NF-kB

:   Nuclear factor kappa-light-chain-enhancer of activated B cells

NKX3-1

:   NK3 homeobox 1

PPARA

:   peroxisome proliferator activated receptor alpha

PPARG

:   peroxisome proliferator activated receptor gamma

PRDM1

:   PR domain containing 1, with ZNF domain

PSMB8

:   proteasome (prosome, macropain) subunit, beta type 8

RAG1

:   recombination activating 1

RCC2

:   regulator of chromosome condensation 2

RELA

:   RELA proto-oncogene, NF-kB subunit

RSAD2

:   radical S-adenosyl methionine domain containing 2

RTP4

:   receptor transporter protein 4

SAMHD1

:   SAM domain and HD domain, 1

*SFTPA1*

:   gene encoding SP-A1

*SFTPA2*

:   gene encoding SP-A2

SP-A

:   surfactant protein A

STAT1

:   signal transducer and activator of transcription 1

STAT3

:   signal transducer and activator of transcription 3

STAT5a/b

:   signal transducer and activator of transcription 5A/B

TACC2

:   transforming, acidic coiled-coil containing protein 2

TAP1

:   transporter 1, ATP-binding cassette, sub-family B

TAP2

:   transporter 2, ATP-binding cassette, sub-family B

TCF4

:   transcription factor 4

TIE1

:   tyrosine kinase with immunoglobulin-like and EGF-like domains 1

UHRF1

:   ubiquitin-like, containing PHD and RING finger domains 1

ZFP36L1

:   zinc finger protein 36, C3H type-like 1.
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